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Abstract
Optical bound states in the continuum (BICs) provide a way to engineer very narrow
resonances in photonic crystals [1–4]. The extended interaction time in such systems
is particularly promising for enhancement of nonlinear optical processes [5, 6] and
development of the next generation of active optical devices [7, 8]. However, the
achievable interaction strength is limited by the purely photonic character of optical
BICs. Here, we mix optical BIC in a photonic crystal slab with excitons in atom-
ically thin semiconductor MoSe2 to form nonlinear exciton-polaritons with a Rabi
splitting of 27 meV, exhibiting large interaction-induced spectral blueshifts. The
asymptotic BIC-like suppression of polariton radiation into far-field towards the BIC
wavevector, in combination with effective reduction of excitonic disorder through mo-
tional narrowing, results in small polariton linewidths below 3 meV. Together with
strongly wavevector-dependent Q-factor, this provides for enhancement and control
of polariton–polariton interactions and resulting nonlinear optical effects, paving the
way towards tunable BIC-based polaritonic devices for sensing, lasing, and nonlinear
optics.
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Optical bound states in the continuum (BICs), supported by photonic crystal structures of
certain geometries, have received much attention recently as a novel approach to generating
extremely spectrally narrow resonant responses [1, 2]. Since BICs are uncoupled from the
radiation continuum through symmetry protection [3] or resonance trapping [9], they can
be robust to perturbations of photonic crystal geometric parameters [4]. This enables a
broad range of practical applications, including recently demonstrated spectral filtering [10],
chemical and biological sensing [11, 12], and lasing [9].
Providing an efficient light-trapping mechanism, optical BICs are particularly attractive
for enhancing nonlinear optical effects, with recent theoretical proposals discussing enhanced
bistability [6] and Kerr-type focusing nonlinearity [5]. However, for practical realization of
these proposals, a significantly stronger material nonlinear susceptibility is needed than
generally available in dielectric-based photonic crystals.
An attractive approach to the enhancement of effective nonlinearity is through the use
of exciton-polaritons – hybrid quasi-particles that inherit both the coherent properties of
photonic modes and interaction strength of excitons [7, 8, 13]. Hybrid nanophotonic systems
incorporating atomically thin transition metal dichalcogenides (TMDs) have emerged as a
particularly promising platform owing to their ease of fabrication and possibility of room
temperature operation [14–16]. In addition to conventional microcavity-based designs, TMD
exciton-polaritons have been observed in plasmonic lattices [17], photonic crystal slabs [18,
19], and other nanophotonic structures [20].
Coupling TMD excitons to optical BICs in photonic crystals thus will not only boost the
potentially achievable nonlinearities but also provide control on the resonant BIC properties
through the excitonic fraction in the polariton, as has been proposed theoretically [21].
Here we experimentally demonstrate and investigate nonlinear polaritons formed via
strong coupling of excitons in monolayer MoSe2 and optical BIC in a 1D photonic crystal
slab, with Rabi splitting of > 27 meV and BIC-like radiation suppression in the surface-
normal direction. Despite the large ∼ 9 meV inhomogeneous broadening of the MoSe2
excitonic line, we achieve small polariton linewidth below 3 meV, corresponding to very well
resolved splitting-to-linewidth ratio of ∼ 9 and Q-factors up to 900. Using the strongly
wavevector-dependent Q-factor of the photonic crystal dispersion, we show controllable re-
duction in polariton linewidth by a factor of 5-10 when approaching the BIC. The nar-
row polariton lines allow us to accurately measure polariton–polariton interaction strength
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FIG. 1. At-Γ optical BIC in a photonic crystal slab. (a) Schematic of photonic crystal slab
(PCS) sample, with Ta2O5 bars on SiO2/Si substrate, illuminated with TE-polarized light near
normal incidence. (b) SEM image of PCS sample. (c) Calculated TE mode electric field distribution
at kx/k = 0.024. (d) Schematic of photonic band structure for TE modes, with at-Γ optical BIC
position indicated with X. (e) Experimental differential angle-resolved reflectance spectra showing
one symmetric and two antisymmetric modes. (f) Wavevector-dependent peak position (black)
and amplitude (red) extracted using Fano-like fits for antisymmetric mode near BIC location; blue
squares show peak positions shifted due to a 9 nm hBN layer. (g) Extracted wavevector-dependent
linewidth (black) and Q-factor (red), together with corresponding simulation results (dashed lines)
corrected for experimental resolution and scattering losses.
through power-dependent spectral blueshifts in resonant reflectance experiment, correspond-
ing to exciton–exciton interaction strength of gX ∼ 1.0 µeV·µm2. This polariton nonlinearity
is comparable to the values observed in III-V materials [22, 23] and significantly larger than
previously observed in atomically thin semiconductors [20], paving the way towards quantum
applications of exciton-polaritons in atomically thin semiconductors.
In the experiment, we fabricate a 1D photonic crystal slab (PCS) sample consisting of
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90 nm thick Ta2O5 bars on a SiO2/Si (1 µm/500 µm) substrate as schematically shown in
Fig. 1a, with a scanning electron microscopy image in (b). The PCS geometry (see Methods)
is designed for large refractive index modulation, in order to open a photonic band gap and
support an optical BIC close to the exciton resonance in monolayer MoSe2. As illustrated
in the photonic band structure shown in Fig. 1d, the BIC is expected to form on the lower-
energy m = 2 TE mode (red) at the Γ point in the crystal momentum (k) space [21], with
characteristic confinement and antisymmetric spatial distribution of the optical field (c).
We measure the PCS band structure via angle-resolved reflectance spectroscopy (see
Methods and Supplementary Fig. S1). Fig. 1e shows experimental differential reflectance
spectra for varying angle, where the signal from the un-patterned Ta2O5/SiO2/Si substrate
is subtracted for clarity: δR(α, ω) = RPCS(α, ω) − Rsub(α, ω). Three modes, one broad
symmetric (m = 3) and two narrower antisymmetric (m = 2), are clearly observed in the
figure, in agreement with theory (d, red dashed box). We fit the lower-energy antisymmetric
mode peak in reflectance spectra using a Fano-like line shape F (ω) ∝ (qγ/2+ω−ω0)2/(γ2/4+
(ω − ω0)2) with resonance frequency ω0, linewidth γ, and asymmetry parameter q, which
arises due to interference with the broad symmetric mode and even broader Fabry-Perot
response of the layered substrate (see Supplementary Fig. S2).
Extracted Fano fit parameters are plotted in Fig. 1f,g as functions of the in-plane wavevec-
tor component kx/k. Towards the Γ point (kx → 0), the reflectivity associated with the
mode sharply decreases (f, red), while the spectral line narrows (g, black circles) resulting
in sharply increasing Q-factor (g, red open circles), defined as Q = ω0/γ. Such behavior is
characteristic of an at-Γ optical BIC [24], where interference of optical waves outgoing in
opposite directions leads to effective light trapping in the near field and vanishing far-field
radiation. This is in contrast to the case studied recently [18, 19], where only radiating
PCS modes with smaller and largely angle-independent Q-factors were considered for strong
coupling to excitons in 2D semiconductors.
The theoretically predicted radiative Q-factor of BIC diverges towards infinity at kx = 0.
In practice, the measured Q-factor is limited predominantly by non-radiative losses [4, 24].
The two major contributions in our case are (i) intrinsic absorption in Ta2O5 and (ii) surface
roughness induced symmetry breaking and scattering [25], limiting Q to ∼ 103. Additional
resonance broadening comes from leaky losses in Si due to near-field penetration through
SiO2 layer [25] and finite sample size effects [3, 26]. We perform Fourier modal method
5
FIG. 2. Strong coupling of excitons in 1L MoSe2 and BIC. (a) Schematic of hybrid 1L
MoSe2/hBN/PCS structure. (b) Optical microscope image of the fabricated sample. (c) Angle-
resolved reflectance spectra of the hybrid sample showing upper and lower polariton branches due
to strong coupling between MoSe2 exciton and antisymmetric TE mode of PCS. (d) Differential
reflectance spectra for selected angles. (e) Angle-resolved PL spectra (TE-polarized) with indicated
positions of uncoupled PCS mode and MoSe2 exciton (dashed lines) and resulting polaritons (solid
lines). (f) Experimental PL spectrum for kx/k = 0.015 (dots) and Lorentz fits. Dashed lines
indicate fits for uncoupled exciton and trion peaks, blue and red lines indicate fits for lower and
upper polariton peaks, respectively.
(FMM) simulations, taking into account these four loss mechanisms (see Supplementary
Note 1 and Fig. S3). As seen in Fig. 1g (dashed lines), good agreement with experiment
can be achieved considering scattering losses through an additional imaginary part of Ta2O5
refractive index δn ∼ 0.002i (Fig. 1g, dashed lines).
We then create polaritons by coupling the observed BIC to excitons in a vertically stacked
1L MoSe2/hBN/PCS structure illustrated in Fig. 2a. To maximize the Q-factor of re-
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sulting polariton modes, we use large-area multilayer hBN and monolayer MoSe2 flakes of
∼ 100 µm in size, covering ∼ 200 periods of PCS, as demonstrated in an optical microscope
image in (b). The hBN spacer plays a three-fold role: it avoids MoSe2 flake “sagging” into
PCS grooves, reduces influence of Ta2O5 surface roughness, and provides tunability of the
BIC frequency through hBN thickness. In our case, a 9 nm thick hBN spacer shifts the PCS
mode and spectral position of BIC by ∼ 30 meV to bring it close to resonance with the
neutral exciton in 1L MoSe2 at 7 K ~ωX = 1.65 eV (Fig. 1f, blue squares).
We study polaritons experimentally via angle-resolved reflectivity and PL measurements
at 7 K (see Methods), with the results for TE-polarized detection shown in Fig. 2c-f. In
comparison to Fig. 1e, the lower-energy antisymmetric PCS mode observed in reflectivity
(Fig. 2c,d) is now redshifted by ∼ 30 meV due to the presence of hBN/MoSe2 and split into
upper and lower polariton branches (UPB, LPB) due to strong coupling with the neutral
exciton in 1L MoSe2 centered at ~ωX = 1.65 eV. Both LPB and UPB retain BIC-like behavior
near the Γ point, exhibiting several distinctive properties.
First, at the Γ point both LPB and UPB are “dark” as radiation into the far-field becomes
symmetry-forbidden, effectively extending interaction time for potential enhancement of
optical nonlinearities. Second, close to the Γ point polaritons possess negative effective mass
and associated negative group velocity inherited from the PCS mode, providing a potential
platform for studying TMD-based polariton self-focusing and soliton formation. Third, the
strong variation of the PCS mode linewidth in the vicinity of the BIC results in wavevector-
dependent Q-factor of both LPB and UPB, enabling control of polariton linewidth with
angle.
Further details of the optical response are revealed by TE-polarized angle-resolved PL
spectra (e), showing emission from both polariton branches and the uncoupled neutral ex-
citon (X0). The latter is increasingly enhanced towards small wavevectors and exhibits a
slight redshift of ∼ 1 meV, which we attribute to weak coupling to the higher-frequency and
broader m = 3 symmetric mode (see Supplementary Note 2 and Fig. S4). Charged exciton
(trion, X−) emission is also observed at ~ωT = 1.62 meV independent of kx, implying weak
coupling.
We analyze the wavevector-dependent behavior of LPB, UPB, uncoupled neutral exciton,
and trion by fitting the PL spectra for each kx with 4 Lorentzian functions Li(ω) ∝ ((ω −
ωi)
2+(γi/2)
2)−1, as shown Fig. 2f, and extracting the spectral position ωi and linewidth γi as
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FIG. 3. Motional narrowing for BIC-based exciton-polaritons. (a) Spectral peak position,
(b) linewidth as full width at half maximum (FWHM), and (c) corresponding Q-factor for PCS
mode (black diamonds), lower polariton branch (LPB, blue circles), and upper polariton branch
(UPB, red squares), extracted from fits and compared to the coupled harmonic oscillator model.
Also shown are the parameters of MoSe2 neutral exciton in TM polarization (a-b, green circles),
peak position of uncoupled exciton in TE polarization (a, orange circles), and estimated homoge-
neous linewidth of excitons γhX (b, black dashed line). Blue lines in b-c show model calculations
for UPB FWHM and Q-factor.
full width at half maximum (FWHM) for each peak. The extracted parameters are plotted as
functions of in-plane wavevector in Fig. 3, with spectral positions (a) for UPB (red symbols),
LPB (blue symbols), and uncoupled neutral exciton (orange symbols), corresponding values
of FWHM (b), and calculated Q-factors (c). Parameters of uncoupled excitons, extracted
from TM-polarized PL, are plotted as green dots.
We then fit the extracted spectral positions of UPB (ω+) and LPB (ω−) with a coupled
oscillator model [27], using spectral position and homogeneous linewidth for the uncoupled
neutral exciton ω˜X = ωX+iγX and for the PCS/hBN mode ω˜C(kx) = δωC+ωC(kx)+iγC(kx):
ω± =
ω˜C(kx) + ω˜X
2
± 1
2
√
~2Ω2R + (ω˜C(kx)− ω˜X)2,
~ΩR = 2
√
g2 − (γC(kx)− γX)
2
4
.
Here, ΩR is Rabi splitting between UPB and LPB, and the two fit parameters are the
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coupling strength g and additional spectral shift δωC of the PCS mode [18] due to the
presence of 1L MoSe2. The fit curves for the spectral position of UPB and LPB are shown in
Fig. 3a by red and blue solid lines, respectively. The uncoupled PCS/hBNmode, indicated by
black squares, comes into resonance with the uncoupled neutral exciton at kresx /k ≃ ±0.014,
corresponding to an angle of α ≃ ±0.8◦. From the fits in Fig. 3a we extract a coupling
strength of g = 13.9 meV, which corresponds to a Rabi splitting of ΩR = 27.4 meV and
splitting-to-linewidth ratio of ∼ 9, exceeding the values recently reported for a WSe2/PCS
system [18] and theoretical estimates for strong coupling to an optical BIC [21]. As ΩR is
larger than the sum of the exciton (∼ 9 meV) and PCS mode linewidth (∼ 3 − 11 meV),
the hybrid MoSe2/hBN/PCS system is unambiguously in the strong coupling regime.
Quantitatively, the polariton linewidth γ± is expected to vary between that of the exciton
(γX) and PCS modes (γC) depending on the excitonic fraction in the polariton. However,
our experimentally observed values of polariton linewidth (Fig. 3b, open circles) close to
resonance kx = k
res
x are significantly smaller than both γX (green) and γC (black). We
attribute this to polariton motional narrowing, similar to the effects studied previously for
quantum wells in microcavities [28–32].
Here, the large polariton mode size (10’s of µm) together with large Rabi splitting lead
to effective averaging over excitonic disorder [33] in 1L MoSe2 on a broad (nm–µm) range
of length scales. As a result, the excitonic contribution to the polariton FWHM close to
resonance is given by only the homogeneous exciton linewidth γhX [34], while away from
resonance, where the polariton frequency overlaps with the exciton peak, it changes towards
the inhomogeneous linewidth γinhX due to increasing interaction with disorder and associated
scattering with higher-momenta excitonic states as well as absorption [31, 35]. We use a
phenomenological model that accounts for homogeneous and inhomogeneous contributions
to the polariton linewidth (see Supplementary Note 3). The model shows good agreement
with experimental data (Fig. 3b, blue line) for a homogeneous linewidth of γhX ∼ 1 meV
(b, black dashed line), which is within the range of recently reported values [36–39] for the
low-temperature radiative decay rate of excitons in monolayer MoSe2.
As a result of excitonic and photonic disorder averaging, the Q-factors achieved for po-
laritons around the Γ point in our structure are ∼ 2 times higher than those for the bare
PCS mode (Fig. 3c), reaching Q ∼ 900. This provides potential for further improvement
of polariton linewidth through fabrication of macroscopic photonic crystal samples [3] with
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FIG. 4. Nonlinear interaction of BIC-based polaritons. (a) Measured LPB reflectance spec-
tra (solid black curves) under resonant illumination with laser pulses at k
(1)
x /k = 0.078 for varying
fluence, together with corresponding Fano fits (red dashed curves). Inset illustrates measure-
ment geometry; the arrow indicates changing with power LPB central frequency. (b) Reflectance
spectra and fits at k
(2)
x /k = 0.024. (c) Extracted LPB spectral blueshifts for laser excitation at
k
(1)
x /k = 0.078 (black squares) and k
(2)
x /k = 0.024 (red circles) as functions of incident fluence,
together with corresponding linear fits (black and red lines).
improved surface quality and use of large TMD flakes grown by chemical vapor deposi-
tion. In addition, the strongly k-dependent Q-factor of the PCS mode in the vicinity of the
BIC enables precise control of polariton linewidth and corresponding Q-factors via angle or
temperature tuning (see Supplementary Note 4 and Figs. S5,S6).
Mixing photonic modes with excitons in our hybrid MoSe2/hBN/PCS structures leads
to a dramatic enhancement of the associated optical nonlinearities. We probe the underly-
ing polariton–polariton interaction due to the excitonic contribution by measuring pump-
dependent frequency shifts of polariton peaks in the reflectivity spectra. Polariton modes
are excited resonantly in both frequency and wavevector domains by ∼ 130 fs laser pulses
(Fig. 4a, inset), with incident fluence varying from 0.1 µJ/cm2 to 3.0 µJ/cm2 (see Methods).
Figs. 4a,b show the measured pump-dependent reflectivity spectra of the LPB resonance
(solid black curves) for selected values of incident fluence, increasing from bottom to top,
and for two different x-components of wavevector: k
(1)
x /k = 0.078 (a) and k
(2)
x /k = 0.024
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(b). Due to exciton–exciton interaction, increasing with the density of created quasiparti-
cles [40], lower-energy polariton resonance in the reflectivity spectra is continuously shifted
with fluence towards higher energies. We observe larger blueshifts (b) for wavevectors closer
to the anticrossing condition kresx = 0.014, as expected for the increasing exciton fraction in
LPB associated with stronger polariton–polariton interaction.
Fig. 4c shows the blueshift values for k
(1)
x /k = 0.078 (black squares) and k
(2)
x /k = 0.024
(red circles) extracted from Fano lineshape fitting (a-b, red dashed curves) for varying flu-
ence, together with corresponding linear fits (black and red lines). Calculating polariton
density nP for each fluence (see Supplementary Note 5), we obtain the polariton–polariton
interaction strength gP = dEP/dnP of gP(k
(1)
x ) ∼ 0.04 µeV·µm2 and gP(k(2)x ) ∼ 0.16 µeV·µm2.
Further, from the gP(kx) ∝ gX|X(kx)|4 dependence on the Hopfield coefficient X(kx), which
describes the exciton fraction in the polariton, we estimate the exciton–exciton interaction
strength in our measurement as gX ∼ 1.0 µeV·µm2. This is of the same order as the the-
oretical estimate gX ∼ 1.6 µeV·µm2, as well as the value gX ∼ 1.4 µeV·µm2 we extract
from a direct measurement of pump-dependent excitonic blueshifts in TM polarization (see
Supplementary Note 6), and is considerably larger than the numbers recently reported for
WS2-based polaritons [20], where the estimation of exciton–exciton interaction strength was
possibly uncertain due to local heating and higher-order interaction effects [41].
As exciton densities in our experiment (≤ 1012 cm−2) are far below the Mott transition
density (∼ 1014 cm−2), phase space filling effects are not important, and the observed po-
lariton nonlinearity is dominated by exciton–exciton interaction. Additionally, we note that
the observed nonlinearities are fast at least on a 100 fs scale, providing future opportunities
for developing polariton-based ultrafast modulators and switches.
In summary, we present the first experimental demonstration and investigation of optical
BIC-based polaritonic excitations. The formation of BIC-like polaritons in a hybrid sys-
tem of a monolayer semiconductor interfaced with a photonic crystal slab, with suppressed
radiation into far-field and line narrowing due to effective disorder averaging, extends the
polariton–polariton interaction time for an enhancement of the nonlinear optical response.
In future, such “dark” states can be accessed through near fields, using guided modes ex-
cited via grating-coupling, or by nonlinear frequency conversion. With the strength of the
underlying exciton–exciton interaction of gX ∼ 1.0 µeV·µm2, our polaritons exhibit strong
exciton-fraction-dependent optical nonlinearities that are fast on a 100 fs time scale. Addi-
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tionally, the planar geometry of our structure in principle allows straightforward fabrication
of electrical contacts for electrostatic control of polaritons and associated interactions, while
the use of atomically thin semiconductors allows room temperature operation. Thus, the
formation of BIC-based polaritons can enable not only significantly enhanced but also con-
trollable and fast nonlinear optical responses in photonic crystal systems due to the strong
excitonic interaction in monolayer semiconductors and open a new way to develop active
and nonlinear all-optical on-chip devices.
Methods
Sample fabrication. Ta2O5 layers of 90 nm thickness were deposited on commercial
SiO2/Si substrates via e-beam assisted ion-beam sputtering. Photonic crystal slabs were
fabricated by patterning the Ta2O5 layers via combination of electron-beam lithography
and by plasma etching to yield the following geometric parameters: pitch p = 500 nm,
groove width w = 220 nm, and depth d = 90 nm, characterized with scanning electron and
atomic force microscopy measurements. Large-area high quality flakes of multilayer hBN
and monolayer MoSe2 were mechanically exfoliated from commercial bulk crystals (HQ
Graphene) and stacked vertically onto the photonic crystal sample surface via dry transfer
to form a hybrid 1L MoSe2/hBN/PCS structure.
Optical measurements. Angle-resolved reflectance spectroscopy was performed in a back
focal plane setup with a slit spectrometer coupled to a liquid nitrogen cooled imaging CCD
camera (Princeton Instruments SP2500+PyLoN), using white light from a halogen lamp for
illumination (see Supplementary Fig. S1). For pump-dependent reflectivity measurements,
the sample was excited by 130 fs pulses from a wavelength-tunable Ti:sapphire oscillator
(Spectra-Physics, Tsunami, 80 MHz repetition rate) with wavevector control via laser beam
positioning within the back focal plane of the objective. A single-slit optical chopper with
a duty cycle of 0.001 was used in the laser beam to avoid sample heating. Angle-resolved
photoluminescence (PL) measurements were performed in the same setup with off-resonant
excitation by monochromatic light from a HeNe laser with wavelength λexc = 632.8 nm.
The sample was mounted in an ultra low vibration closed cycle helium cryostat (Advanced
Research Systems) and maintained at controllable temperature in a 7 − 300 K range. The
cryostat was mounted on a precise xyz stage for sample positioning. Spatial filtering in the
12
detection channel was used to selectively measure signals from the 1L MoSe2/hBN/PCS
sample area.
Data availability. The data that support the plots within this paper and other findings
of this study are available from the corresponding author upon reasonable request.
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Supplementary Information: Nonlinear polaritons in monolayer
semiconductor coupled to optical bound states in the continuum
SUPPLEMENTARY NOTE 1. BIC Q-FACTOR SIMULATIONS
With diverging to infinity radiative Q-factors of optical BICs in photonic crystal slabs
(PCSs), their total Q-factors are limited by nonradiative terms, including material absorp-
tion, surface roughness induced scattering, leakage through the oxide layer into the Si sub-
strate, and losses due to the finite sample size. To estimate Q-factors achievable in our
experimental system, we perform simulations of their optical response using the Fourier
modal method (FMM) [S1]. We first simulate a patterned Ta2O5/SiO2/Si structure with
the experimental parameters (Ta2O5 thickness of 90 nm, SiO2 thickness of 1 µm, pitch
FIG. S1. Schematic of experimental setup for angle-resolved reflectivity measurements. A halogen
lamp is used for measurements in the linear optical regime, and a tunable Ti:sapphire oscillator
with 130 fs pulses for nonlinear experiments. A single-slit optical chopper with 0.001 duty cycle
is used to reduce sample heating. Angle-resolved data are collected from the back focal plane
(BFP) of a microscope objective with subsequent filtering in real space (in a 4f configuration)
to eliminate unwanted background signal. Samples are mounted in a closed-cycle He-free cryostat
with micrometric positioning along 3 spatial axes. Resonant laser excitation is achieved by focusing
laser pulses in BFP with a corresponding ∼ 200 µm focal spot and tuning Ti:sapphire oscillator into
resonance with a polariton mode. All signals are detected with a slit spectrometer (f = 500 mm,
600 g/mm) and liquid nitrogen cooled CCD camera. BS: beamsplitter.
S1
FIG. S2. Normalized differential reflectance spectra from a PCS sample for two selected wavevec-
tors: kx/k = 0.020 (black) and kx/k = 0.003 (red). Experimental data are indicated with dots,
and lines represent Fano-like fits. For different wavevectors, Fano parameter varies, resulting in
different peak shapes. The shoulder on the blue side is due to the higher energy symmetric mode
of the photonic crystal.
p = 500 nm, groove width w = 220 nm, and depth d = 90 nm), but ignoring losses in Ta2O5
(setting the imaginary part of its refractive index to zero).
The resulting dispersion of the lower-energy m = 2 antisymmetric mode is shown as
angle-resolved reflectivity spectra in Fig. S3a and labeled as Sim 1. Fitting the reflectivity
spectra for different wavevectors with Fano-like shape as discussed in the main text, we
obtain the wavevector dependence of the mode linewidth plotted in (c) with a red curve.
The corresponding Q-factor of the mode is plotted in (d) as a red curve and reveals a sharp
increase towards the Γ point, with Q-factors reaching Q ∼ 3 × 104 at kx/k = 0.005 and
growing further towards Q ∼ 105.
In contrast, when taking into account the absorption losses in Ta2O5, the Q-factors are
limited by Q ∼ 2× 103, as indicated in (c) and (d) with a blue curve (labeled as Sim 2). To
describe our experimental data, we account for additional scattering losses due to surface
roughness via an extra imaginary term in the refractive index of Ta2O5, δn ∼ 0.002i (Sim 3),
with linewidth and Q-factor shown in (c) and (d) with green curves, and dispersion shown in
(b). Then, a convolution of the resulting lineshape with a Gaussian function that accounts
for the finite sample size of ∼ 100 µm yields linewidth and corresponding Q-factor as shown
with a black curve in (c) and (d). Experimental values (open black circles) are also plotted
for reference. Overall, the absorption in Ta2O5 is seen to be the major limiting factor for
S2
FIG. S3. Influence of losses on the m = 2 lower-energy antisymmetric mode in PCS: simulated
reflectivity as a function of photon energy and x-component of wavevector without losses in Ta2O5
(a) and corresponding simulation result when taking into account intrinsic losses in Ta2O5 together
with additional scattering losses δn = 0.002i. Linewidth (c) and quality factor (d) of the m = 2
lower-energy antisymmetric mode obtained in experiment (Exp, circles) and in simulations (Sim
1-4, lines). Sim 1 (red): no losses (except leakage into Si), Sim 2 (blue): only intrinsic losses in
Ta2O5 are considered, Sim 3 (green): scattering-related losses are added, Sim 4 (black): intrinsic
losses, scattering-related losses, and line broadening due to the finite sample size are taken into
account.
the BIC linewidth in this case.
SUPPLEMENTARY NOTE 2. MEASUREMENTS IN TE VS. TM POLARIZA-
TION
In TM polarization (E-field perpendicular to the grooves), the MoSe2 exciton is far de-
tuned from the photonic crystal mode. As shown in Fig. S4a, PL spectra detected in TM
polarization reveal only wavevector-independent uncoupled neutral exciton (X0) and trion
(X−) emission. In TE polarization, in addition to the upper and lower polariton branches
as well as the trion peak, our experimental PL spectra (b) show emission close to the fre-
quency of the uncoupled neutral exciton in 1L MoSe2 with a slight redshift of ∼ 1 meV and
enhancement as compared to the spectra measured in TM polarization (c).
S3
FIG. S4. Angle resolved PL spectra detected in TM (a) and TE (b) polarization. TM spectra show
angle-independent neutral exciton (X0) and trion (X−) emission. TE spectra (b) in addition show
upper and lower polariton branches. PL spectra at zero angle (c) normalized on the trion peak
intensity show slightly enhanced and redshifted neutral exciton emission in TE polarization, due to
weak coupling to the symmetric mode of the PCS. Symmetric (S) and antisymmetric (AS) modes
in PCS: spatial distribution of the y-component of electric field for S (a) and AS (b). Normalized
differential reflectance spectra for two different wavevectors (k1 = 0.003k, red, and k2 = 0.02k,
black), with distinct S and AS peaks (c).
This behavior is due to coupling to the m = 3 symmetric PCS mode lying at higher
energies. While the strongly coupled to the exciton antisymmetric mode exhibits a tightly
confined and enhanced electric field distribution (d), the symmetric mode is less confined,
resulting in a weaker coupling, which, together with a larger detuning from the exciton
resonance, leads to only a small “Lamb” redshift and slight enhancement of the exciton
emission. The corresponding narrow antisymmetric (AS) and broader symmetric (S) peaks
S4
observed in the PCS reflectivity spectra are shown in (f) for two different wavevectors.
SUPPLEMENTARY NOTE 3. POLARITON LINEWIDTH MODEL
Since the Rabi splitting well exceeds the inhomogeneous exciton linewidth in our case,
the polariton linewidth close to the anticrossing point (ωC(k
0
x) = ωX) will be defined through
only the homogeneous contribution γhX to the exciton linewidth [S2]. We describe the exper-
imentally obtained polariton linewidth with a phenomenological model taking into account
both homogeneous and inhomogeneous exciton linewidth, γhX and γ
inh
X . The effect of mo-
tional narrowing [S3] results in the dependence of the polariton linewidth on the effective
mass [S4], which is incorporated in our model as
γ± = |C±|2γC + |X±|2γhX + |X±|2
M±
mx
γinhX , (S1)
where M±, mX are effective masses of the polaritons and exciton, respectively, and C±, X±
are the Hopfield coefficients:
|C±|2 = ~
2Ω2R
|~2Ω2R + (ω± − ωC)2|
, |X±|2 = 1− |C±|2. (S2)
An agreement between the model and experimental LPB linewidth is reached for γhX ∼
1.0 meV, which is close to recently reported values [S5–S7] for the low-temperature radiative
decay rate of excitons in monolayer MoSe2 of ∼ 1− 2 meV, implying that the homogeneous
non-radiative contribution to MoSe2 exciton linewidth at 7 K is small. Assuming a Voigt
profile of the exciton line at 7 K, we estimate the inhomogeneous linewidth of γinhX ∼ 8.4 meV.
The total homogeneous linewidth γhX = γ
nrad
X + γ
rad
X is then used to fit our experimentally
measured dispersion with the coupled oscillator model at each temperature.
SUPPLEMENTARYNOTE 4. VARIABLE TEMPERATUREMEASUREMENTS
With increasing temperature, the neutral MoSe2 exciton shifts towards lower energies,
effectively tuning the polariton dispersion. Fig. S5 shows experimental angle-resolved PL
spectra for 3 selected temperatures of 7 K (a), 80 K (b), and 120 K (c), with the uncoupled
PCS mode dispersion (black), uncoupled exciton (green), and upper and lower polariton
branches (red and blue, respectively), as obtained by fitting the PL data with the coupled
S5
FIG. S5. Temperature tuning of the polariton dispersion, as observed from selected PL spectra in
TE polarization at 7 K (a), 80 K (b), and 120 K (c). Black: PCS mode; green: neutral exciton;
red: upper polariton branch; blue: lower polariton branch. Spectral peak positions are extracted
at each angle by fitting PL spectra with Lorentzian functions.
oscillator model. The temperature dependence of the polariton dispersion is also observed
in reflectivity spectra (Fig. S6a-d). We extract a temperature-dependent coupling constant
g(T ) (e, blue triangles) and compare it with the exciton linewidth (black squares). The clear
signatures of strong coupling persist up to at least 150 K where exciton broadening starts
to blur the observed anticrossing behavior.
SUPPLEMENTARY NOTE 5. POLARITON NONLINEARITY
The nonlinear polaritonic shift ∆Epol can be estimated as [S8]
∆Epol ≈ gX|X|4
∫
d2r|ψ(r)|4
[∫
d2r|ψ(r)|2
]−1
, (S3)
where gX is the exciton–exciton interaction constant, X is the exciton Hopfield coefficient for
the corresponding polariton mode, and ψ(r) is the polariton wavefunction. For the pulsed
excitation case, ψ is time-dependent; for the nonlinear shift modelling, the wavefunction is
evaluated at the moment of time when it acquires the largest value.
For a pulsed pump with spectral width γpump and polaritonic mode with radiative de-
cay rate γ0, the polaritonic wavefunction can be estimated (in the rectangular pulse shape
S6
FIG. S6. Temperature dependence of MoSe2/hBN/PCS optical response: (a-c) Selected angle-
resolved reflectance spectra measured at 7 K, 90 K, 120 K, and 180 K. (e) Extracted Rabi splitting
(blue triangles) and total exciton linewidth (black squares) for temperature in a range of 7−200 K.
Estimated radiative exciton linewidth γradX and inhomogeneous linewidth due to disorder γ
inh
X are
indicated with green and black dashed lines, respectively.
approximation) as
ψ((r)) ≈ ψsat(r)(1− exp[−γ0/γpump]), (S4)
where ψsat is the saturated wavefunction, which corresponds to the case of continuous wave
excitation.
The saturated wavefunction can be estimated as
ψsat(x) =
√
Wmax
c~ωp
φ(x) =
√
Wmax
c~ωp
√∫
E2(x, z)dz, (S5)
where Wmax is the peak power density, ωp is the polariton frequency, and E is the dimen-
sionless field distribution of the eigenmode when it is excited by a plane wave of the unity
amplitude and frequency ωp. E is calculated numerically using the Fourier modal method
(FMM). It should be noted though that the general result of the temporal coupled mode
theory [S9] states that E is proportional to γ0−1/2.
The average polariton density is given by
〈npol〉 = 〈|ψ(x)|2〉 = Wmax(1− exp[−γ0/γpump])
2
c~ωp
∫ D
0
dx|φ(x)|4∫ D
0
dx|φ(x)|2
, (S6)
S7
where D is the period of the structure. The upper bound for the polariton density for the
maximum fluence of 3 µJ cm−2 can be estimated as nmaxpol ∼ 1012 cm−2. Thus, we are quite
far from the Mott transition densities a−2b ≈ 1014 cm−2, and phase space filling effects can
be neglected.
Finally, the polariton shift is given by
∆Epol = gX|X|4npol = gX|X|4Wmax(1− exp[−γ0/γpump])
2
c~ωp
∫ D
0
dx|φ(x)|4∫ D
0
dx|φ(x)|2
. (S7)
The values of |X|2 and γ0/γpump can be calculated for each wavevector. For example, for
the two wavevectors corresponding to the data in Fig. 4 in the main text, these values are
estimated as |X|2 = 0.40, γ0/γpump ≈ 1 for k/k0 = 0.024 and |X|2 = 0.12, γ0/γpump ≈ 2 for
k/k0 = 0.078. At the maximum fluence 3 µJ/cm
−2 this corresponds to polariton densities
3.1×104 µm−2 for k/k0 = 0.024 and 4.5×104 µm−2 for k/k0 = 0.078. From the dependence
of the polariton shift on the exciton Hopfield coefficient X, the exciton–exciton interaction
strength can then be evaluated as gX ∼ 1.0 µeV · µm2.
SUPPLEMENTARY NOTE 6. EXCITON NONLINEARITY
We measure the pump-dependent blueshift of the exciton resonance in reflectance with
TM-polarized excitation. The corresponding reflectance spectra are shown in Fig. S7a for
selected values of fluence varying from 0.1 µJ/cm2 (top) to 1.8 µJ/cm2 (bottom). We fit the
experimentally measured spectra with a Fano-like shape to obtain pump-dependent blueshift
shown in Fig. S7b with open squares. The exciton concentration for each fluence can be
evaluated in the linear regime (omitting the effects of phase space filling) from the differential
equation for the exciton annihilation operator b:
db
dt
= −iωXb− 1
2
(γ0 + γ
h
X)b+
√
γ0
2
(1 + r)a0 exp[− t
2
2τ 2p
] exp[−iωt], (S8)
where τp is the pulse duration, r is the reflection coefficient of the substrate, and a0 is the
square root of the number of photons passing through the monolayer per unit time per unit
area, which is related to the peak incident power density W as a0 =
√
W/(~ω). We have
substituted the bosonic operator with the complex amplitude. This differential equation can
S8
FIG. S7. Nonlinearity of excitons in TM polarization. (a) Measured exciton reflectance spectra
(solid black curves) under resonant illumination with laser pulses for varying fluence, together with
corresponding Fano fits (red dashed curves). The arrow indicates changing with power exciton
resonance frequency. (b) Extracted excitonic spectral blueshifts as a function of incident laser
fluence, together with corresponding linear fit (black line).
be solved explicitly yielding for N = |b|2
N =
= |1 + r|2 |a0|
2
γ0
(γ0τp)
2pi
4
∣∣∣∣erf
[
t√
2τp
+
iτp√
2
(δ + iγ/2)
]
+ 1
∣∣∣∣
2
exp
[−τ 2p (δ2 − γ2/4)− γt] ,
(S9)
where δ = ω−ωX , γ = γ0+γhX , and t = 0 is at the pulse centre. To account for the inhomo-
geneous broadening, we should convolve the expression for N with the gaussian distribution
of the exciton frequency with the width γinhX :
N˜ =
1√
piγinhX
∫
dδN(δ)e−δ
2/γinh
X (S10)
This integral can not be taken analytically. For γ0 ≈ γhX = 1 meV, τp = 130 fs, and
γinhX = 8.4 meV, the numerical integration returns a function of time with a maximum at
ξmax ≈ 0.8.
In the case of TM polarization the reflection coefficient is almost constant across the pulse
bandwidth, and r ≈ −0.25 − 0.35i, yielding |1 + r|2 = 0.68. a0 can be expressed through
fluence F as |a0| =
√
F/τp/
√
pi~ωX .
S9
Finally, the exciton concentration N for fluence F will be
N˜ [µm−2] ≈ 2800F [µJ · cm−2]. (S11)
Then gX can be evaluated as gX = 1.4 µeV · µm2.
We compare the obtained gX value with a theoretical estimate [S10] of gX ∼ 2E1sr21s ∼
1.6 µeV · µm2, where E1s ∼ 0.44 eV is the 1s exciton binding energy in monolayer MoSe2
and r1s ∼ 1.36 nm is the corresponding exciton Bohr radius [S11].
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